Abstract
and progenitor cells. Its over-expression is associated with cancer development and poor prognosis in patients with acute myeloid leukemia and solid cancers [21] [22] [23] . HOXA10 is a neighboring gene of miR-196b but these genes have no known function in gastric cancer pathogenesis.
In this study, we generated microRNA and protein expression profiles using samples from 60 patients with gastric cancer to identify molecular biologic differences between previously identified good-and poor-prognosis patient subgroups.
MATERIALS AND METHODS

Patients and samples
Tumor specimens and clinical data were obtained from patients with primary gastric adenocarcinoma who underwent curative gastrectomy as the primary treatment between 1999 and 2007 at Severance Hospital and Gangnam Severance Hospital, Yonsei University College of Medicine, Seoul, South Korea. Three independent patient cohorts were used for each experiment: Group 1 (frozen tissue samples from 60 patients, each of whom provided a cancer sample and 8 of whom provided a non-cancer sample) for microRNA, and protein microarray analysis (Table 1) ; Group 2 (12 paired cancer and non-cancer frozen tissue samples from 12 patients) for validation tests using quantitative reverse transcription polymerase chain reaction (qRT-PCR); and Group 3 (paraffin-embedded samples from 368 patients with gastric cancer) for tissue microarray immunohistochemistry (IHC). Frozen tissue samples were examined by pathologists at the time of collection and were stored below -80 ℃ at a tissue bank until the analysis. Samples were collected after obtaining written informed consent from the patients. The study was approved by the institutional review board of Yonsei University Health System.
MicroRNA microarray
Total RNA was extracted from fresh frozen tissues using a mirVana TM miRNA isolation kit (Ambion, Austin, TX, United States). Microarray experiments were performed according to the manufacturer's protocols (Illumina microRNA Expression Profiling Assay; Illumina, San Diego, CA, United States). The panel contained 1146 miRNA assays described in the Sanger Institute miRBase Release 12.0 (from miR-1 to miR-1827) [24] ; 200 ng RNA was used for labeling and hybridization. Chips were scanned with an Illumina BeadArray Reader (Illumina, San Diego, CA, United States) and intensity values were analyzed using BeadStudio version 3.1.3. A cut-off detection P value of 0.01 was used to determine whether a microRNA probe was significantly detected. Microarray data were normalized using the quantile normalization method. MicroR-NA microarray data is available in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) public database (accession number GSE26595).
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Core tip: Using an integrative analysis of the tumor transcriptome and protein expression profiles obtained by microarray techniques, we have elucidated the molecular biologic characteristics of a poor prognosis gastric cancer subgroup. Overexpression of miR196b and Homeobox A10 are implicated in gastric cancer, particularly in tumors with poor prognosis features. We anticipate this integrative approach will contribute to the characterization of cancer heterogeneity and the development of personalized therapy through the identification of cancer targets.
INTRODUCTION
Gastric cancer is the second leading cause of cancerrelated deaths worldwide [1] . Surgery is the only curative treatment strategy and conventional chemotherapy has shown limited efficacy for the treatment of patients with advanced disease. Understanding the molecular mechanisms governing carcinogenesis, progression, and prognosis in gastric cancer is a prerequisite for the construction of a convincing management strategy. It is widely acknowledged that there are favorable and poor-prognosis subtypes of cancer, although the treatment strategy is generally determined by clinical and histopathologic stage rather than disease type. Patients with gastric cancer are also clinically heterogeneous, which suggests an underlying molecular diversity [2, 3] . Molecular subtypes of gastric cancer have been suggested through analysis of gene or protein expression profiles and oncogenic signaling pathways [4] [5] [6] [7] [8] [9] . In a previous study, we identified distinct gastric cancer subclasses by analyzing gene expression profiles and we described two gastric cancer subtypes that were strongly associated with prognosis [10] . MicroRNAs play a role in the pathogenesis of various human cancers [11] . Some microRNAs function as oncogenes and others as tumor suppressors, although their mechanisms remain to be elucidated [12, 13] . The relationship between microRNA expression profile and gastric cancer prognosis has been actively explored [14, 15] , as has the pathogenesis of gastric cancer [16, 17] . Overexpression of miR-196b has been linked to leukemia and several solid cancers including gastric cancer and may represent a useful gastric cancer marker [18, 19] . A role for miR-196b as an oncogene or tumor suppressor has not yet been confirmed [20] , nor has its role in gastric carcinogenesis and progression.
Homeobox A10 (HOXA10) is transcription factor involved in the proliferation of hematopoietic stem cells
Protein expression assay
Reverse-phase protein array (RPPA) was performed according to the manufacturer's protocol and the data were analyzed as previously described [25] . Frozen tissues were lysed in RPPA lysis buffer and complete protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). Protein-containing samples were diluted to a uniform protein concentration and transferred into 384-well plates. The lysate was printed onto nitrocellulose-coated glass slides and probed using 124 antibodies. Signal intensity was measured by scanning the slides: slides were scanned, analyzed, and quantified using the customized Microvigene software (VigeneTech, Inc., Carlisle, MA, United States) to measure spot intensity.
Analysis of microarray data
The microarray expression level was transformed into a log 2 base before further analysis. Cluster analysis was performed after median centering using the Cluster 3.0 program and visualized in Treeview (Eisen Lab. CA, United States). BRB-ArrayTools (version 3.6; Biometrics Research Branch, National Cancer Institute, MD, United States) were used for microarray data analysis [26] . The previously generated gene expression data from the poorprognosis group [10] were obtained from the NCBI GEO public database (accession number GSE13861).
Quantitative RT-PCR and analysis
Quantitative RT-PCR was carried out according to the manufacturer's protocols (miRURY LNA microRNA PCR System, Exiqon, Vedbaek, Denmark) and was performed in duplicate. The RT reactions were incubated for 30 min at 50 ℃ followed by heat inactivation at 85 ℃ for 5-10 min. cDNA templates were diluted and added to the PCR master mix. Cycling conditions were as follows: 37 ℃ for 10 min, 95 ℃ for 10 min, followed by 40 cycles of 95 ℃ for 20 s and 60 ℃ for 60 s. RT-PCR was performed on a 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, United States) with a 96-well block module. Relative amounts of microRNA were calculated from the threshold cycle (CT) number using the expression of U6 snRNA for normalization.
Tissue microarray construction and IHC staining
Paraffin-embedded tissue microarray blocks were created using gastric cancer tissue specimens obtained from 368 patients. A tissue microarray set contained 14 slides with 30 tissue cores per slide. Sections 4 μm thick were deparaffinized and treated to block endogenous peroxidase activity. After antigen retrieval, the primary antibodyanti-HOXA10 antibody (polyclonal, dilution 1:75; Santa Cruz Biotechnology, Santa Cruz, CA, United States) -was applied to the sections. The sections were incubated with a secondary antibody (horse radish peroxidaserabbit/mouse), developed using a NovaRED substrate kit (VECTOR Laboratory, Burlingame, CA, United States) and counterstained with Harris hematoxylin. Stained slides were examined with a Zeiss Axio Imager M2 microscope with an AxioCam HRc camera and photographed using AxioVision 4.8.2 software (Zeiss, Jena, Germany). Strong cytoplasmic staining was considered as positive expression. Positive expression was defined as staining stronger compared to smooth muscle. Negative expression was defined as staining positivity lower than or similar to smooth muscle.
Statistical analysis
Statistical analysis was performed with PASW Statistics 18 (SPSS Inc., San Diego, United States) and graphical interpretations were generated with GraphPad Prism 5 (GraphPad Software, San Diego, CA, United States). The Kaplan-Meier method was used to estimate patient 24 (40) 13 (46) 10 (34) 13 (45) 10 ( (38) 11 (39) 12 (41) 0.872 11 (38) 12 (43) 0.705 Ⅲ/Ⅳ 37 (62) 17 (61) 17 (59) 18 (62) 16 (57) 1 Based on the American Joint Committee on Cancer staging manual 6 th edition. HOXA10: Homeobox A10; AJCC: American Joint Committee on Cancer.
els are shown in Figure 3A . miR-196b showed the most significantly different expression patterns between cancer and non-cancer samples (P < 0.001), and between the C1 and C2 groups (P < 0.001).
Validation of microRNA expression by quantitative RT-PCR
To validate the microRNA expression microarray data, qRT-PCR was performed using RNA from the 12 patients in Group 2. Using CT numbers, miR-196b was determined to be up-regulated in gastric cancer tissue compared with non-cancer tissue (P = 0.007; two-sample paired t test; Figure 3B ). The up-regulation of miR-135b in gastric cancer samples was not statistically significant (P = 0.118).
Correlation between HOXA10 and miR-196b expression HOXA9 and HOXA10 are neighboring genes to miR196b ( Figure 4A ) and are regarded as miR-196b-associated genes. Therefore, the expression level of HOXA9 and HOXA10 and their correlation with miR196b expression were evaluated. Analysis of microRNA and mRNA expression data from gastric cancer tissue samples obtained from patients in Group 1 showed that HOXA10 mRNA expression was positively correlated with miR-196b expression ( Figure 4B ; r = 0.726, P < 0.001). HOXA10 expression was up-regulated in gastric cancer compared with non-cancer tissue and was higher in C1 compared with C2 patients ( Figure 4C ). Overexpression of miR-196b was significantly associated with shorter overall survival (OS; P = 0.022; Figure 4D ). Overexpression of HOXA10 exhibited a tendency to poor OS (P = 0.202; Figure 4D ) but HOXA9 did not exhibit any significant association with miR-196b or prognosis ( Figure 4B and D). HOXA10 protein-positive expression was identified in 56 of 368 gastric cancer tissue samples (15.2%) from patients in Group 3 ( Figure 5A and B). In non-cancer gastric tissue, body glands were stained variably. In contrast to well and moderately differentiated adenocarcinoma, poorly differentiated adenocarcinoma and signet ring cell carcinomashowed less positive staining for HOXA10 (29.4% vs 8.4%, P < 0.001).
Protein expression profile of gastric cancer
The unsupervised clustering analysis revealed that protein expression was highly variable compared with mRNA and microRNA expression in non-cancer and cancer tissues. Two-group two-sample t tests comparisons were performed using cancer and non-cancer samples to identify gastric cancer-specific proteins. Univariate analyses revealed 48 out of 124 proteins with significantly different levels (P < 0.05) between cancer and non-cancer tissues ( Figure 5B ). Among these 48 proteins, the expression of COX2 and cyclin B1 was significantly increased in gastric cancer vs non-cancer tissue (both P < 0.001), and up-regulated in the C1 compared with C2 groups (P < 0.001 for COX2 and P = 0.016 for cyclin B1).
prognosis; differences between genotypes were compared using the log-rank test. Differences between groups were analyzed using the two-tailed Student's t test and the χ 2 test. Associations between the expression levels of the two targets were analyzed using the Pearson correlation coefficient. Generally, differences were considered statistically significant at P < 0.05.
RESULTS
Gene expression microarray-established gastric cancer subgroups C1 and C2
In our previous study [10] , two gastric cancer subgroups [a poor-prognosis group C1 (n = 32) and a good-prognosis group C2 (n = 28)] were established through unsupervised hierarchical clustering of gene expression data from the 60 patients with gastric cancer in Group 1. Genes with expression levels that were at least 2-fold different in at least 15 tissues, relative to the median value across tissues, were selected for hierarchical clustering analysis (2077 gene features) ( Figure 1A ). Following comparison of gene expression profiles of samples from C1, C2, and non-cancer patients, unique gene sets were identified for the C1 and C2 groups that contained 2755 and 1437 genes, respectively (P < 0.001). C1 patients had significantly poorer relapse-free survival than C2 patients (P = 0.0019; log-rank test). This was independent of disease stage, indicating that the molecular features reflected in gene expression patterns might be strong independent predictors of clinical outcome ( Figure 1B) . Gene expression data for 5922 transcription factor (TF) genes were selected and C1-specific TF genes were extracted ( Figure  1C) . A total of 413 up-regulated and 326 down-regulated TF genes are shown in Figure 1D ; the top 20 up-and down-regulated TF genes are listed in Figure 1E . microRNA expression profile of gastric cancer A total of 410 out of 1146 probes in the microRNA expression assay were significantly detected (P < 0.01) and further processed (Figure 2A) . Though unsupervised clustering analysis revealed two major subtypes, these did not appear to have any prognostic or clinico-pathologic value. Subsequently, 164 microRNAs significantly (P < 0.05 in the t test) aberrantly expressed in gastric cancer tissue were identified (Figure 2A ). Non-cancer tissue showed relatively homogenous microRNA expression patterns, in contrast to the highly heterogeneous expression patterns observed in cancer tissues.
Aberrant microRNA expression in C1 and C2 patients
MicroRNA expression data were compared between non-cancer and cancer tissues and between C1 and C2 samples. Four microRNAs were uniquely dysregulated (P < 0.05) among non-cancer, C1, and C2 samples ( Figure  2A) . miR-196b, miR-135b, and miR-93 were up-regulated and miR-29c* was down-regulated in the C1, poor-prognosis group ( Figure 2B ). Log-transformed expression lev-
DISCUSSION
We previously identified two prognostic subgroups of patients with gastric cancer through gene expression microarray technology [10] . Our findings suggested that their gene expression signatures reflected clinical differences between good-and poor-prognosis patients independent of tumor-node-metastasis stage and histology. The molecular biologic mechanisms responsible for these clinical differences were unknown. In an effort to understand these molecular mechanisms, we obtained microRNA and protein expression data from tumor tissue samples using high-throughput microarray techniques.
First, two-group comparison analysis revealed 164 mi- croRNAs that showed different expression profiles in the cancer and non-cancer tissue samples. Supervised clustering (C1 vs C2 vs non-cancer) using these 164 microRNAs revealed that non-cancer tissues manifested relatively homogenous microRNA expression. A comparison of the microRNA expression revealed that three microRNAs (miR-196b, miR-135b, and miR-93) were up-regulated in C1 vs C2 and in cancer vs non-cancer tissues. Conversely, miR-29c* was down-regulated in C1 samples. We suggest, therefore, that dysregulation of those four microRNAs might characterize C1, our previously identified poorprognosis gastric cancer subgroup. The accumulated knowledge about microRNA-associated genes and cancers is summarized in Table 2 . The overexpression of miR-196b has previously been linked to leukemia and several solid cancers [18, 19] . The increased expression of miR-196b contributes to the development of leukemia and the relationship between differential miR-196b expression and clinical and biologic features has been studied in leukemia [18, [39] [40] [41] . miR-196b expression is also increased in pancreatic ductal adenocarcinoma and bronchial squamous cell carcinoma, although its role in these cancers has not been established [27, 28] . Tsai et al [19] reported that a lack of promoter methylation in miR-196b resulted in its overexpression in gastric cancer cell lines and patient samples, and they proposed that miR-196b overexpression might provide a useful tumor marker. However, it has not yet been determined whether miR-196b functions as an oncogene or a tumor suppressor [20] , and its role in gastric carcinogenesis and progression has not yet been identified.
In recent in vitro study, a leukemia oncogene was found to promote the expression of miR-135b, with elevated miR-135b expression decreasing chemosensitivity, suggesting the contribution of miR-135b to the oncogenic activity of the leukemia oncogene [29] . It has been suggested that oncogenic kinase-linked miR-135b contributes to tumorigenesis through modulation of the tumor-immune phenotype and microenvironment [29] . Others have identified miR-135b as a novel biomarker for pancreatic ductal adenocarcinoma [30] . In chronically inflamed or genetic models of colon cancer, miR-135b was suggested along with other microRNAs, to regulate signaling pathways related to mitogen-activated protein kinase, phosphoinositide 3-kinase, WNT, and transforming growth factor (TGF)-β, all of which are known to be involved in cell transformation [31] . However, there are as of yet no data relating to the pathogenesis of gastric cancer.
miR-93 is a well-known constituent of the miR-106b approximately 25 cluster, paralogs of which have oncogenic activity in several cancers, including gastric cancer. Up-regulated miR-93 in gastric cancer leads to cell cycle activation and impaired apoptosis [17, 32] . miR-29c* is, however, poorly understood with no known target and it has only been shown to be an independent favorable prognostic factor in malignant pleural mesothelioma [38] . Information about each of these microRNAs provides support for the proposal that our poor-prognosis microRNA signature -up-regulation of miR-196b, miR135b, and miR-93 and down-regulation of miR-29c* -is relevant. As miR-93 has largely been investigated in gastric cancer and miR-29c* is poorly understood, we focused our attention on miR-196b and miR-135b. The qRT-PCR assay demonstrated that miR-196b was significantly overexpressed in cancer vs non-cancer tissue while miR-135b was not ( Figure 3B) . Therefore, the role of miR-196b in gastric cancer was further investigated.
Using correlation analysis, we identified that HOXA10 levels were also elevated in gastric cancer. The expression of miR-196b appears to be most positively associated with HOXA10 expression. Our previous gene expression microarray data indicated that HOXA10 was ranked as the second most up-regulated TF in gastric cancer ( Figure  1E ), as it was significantly elevated in gastric cancer vs non-cancer and in poor-prognosis C1 vs good-prognosis C2. Evidence is accumulating that HOXA10 is involved in the proliferation of hematopoietic stem cells and progenitor cells, leading to cancer development through activating the target genes coding for TGFβ2, dualspecificity protein phosphatase 4, and integrin-β3 [21, 42, 43] . Up-regulation of HOX genes is associated with a tumor stem-like cell phenotype of glioblastoma, and high HOXA10 protein expression has been associated with resistance to chemotherapy [44] . HOXA10 is also over-expressed in a poor-prognosis subset of patients with acute myeloid leukemia and in several solid cancers [21] [22] [23] . On the basis of these findings, we postulate that HOXA10 may induce gastric carcinogenesis and function as a marker of poor prognosis. Recently, it was reported that upregulation of HOXA10 was correlated with favorable prognosis and inversely correlated with the depth of invasion in gastric cancer [45] . Different patient populations and detection methods for HOXA10 seems to be responsible for inconsistent results. More reliable evidences should be accumulated to elucidate the role of HOXA10 in gastric cancer.
miR-196b is located in the HOXA cluster on chromosome 9 and expression levels of pri-miR-196b are highly correlated with its neighboring gene HOXA10 [18] . A previous study showed that expression patterns of miR-196b were inversely correlated with the methylation status of promoter CpG-rich regions in gastric cancer cell lines and primary gastric cancer samples [19] . Suzuki proteins from Reverse-phase protein array (RPPA) was depicted using a heat map. The color yellow represents relatively high expression levels and blue reflects relatively low levels.
et al [46] analyzed genome-wide profiling of chromatin signatures combining microRNA expression and suggested that DNA demethylation can alter the chromatin signatures of numerous microRNAs in cancer. Elevated expression of miR-196b in gastric cancer cells may result from the preferential unmethylated status of CpG islands and from other TFs. We suggest that HOXA10 expression might also be governed by miR-196b modulation; however, the exact mechanism of miR-196b promoter activity modulation by TFs remains to be elucidated.
In the present study, miR-196b and HOXA10 were co-activated in gastric cancer samples, especially in the poor-prognosis group. miR-196b and HOXA10 are also closely related to the development and progression of hematopoietic stem cells. This suggests that gastric cancer co-activated by miR-196b and HOXA10 might share the same pathogenesis as leukemia. Chronic inflammation caused by Helicobacter pylori (H. pylori) is associated with gastric carcinogenesis and there is recent evidence that H. pylori infection recruits bone marrow-derived cells (BMDCs) in the gastric epithelial mucosa that participate in gastric preneoplasia [47, 48] . Over-expression of miR196b and HOXA10 may mediate the development of hematopoietic progenitor cells and gastric cancer; thus, it is necessary to elucidate the mechanism and function of the co-activation of miR-196b and HOXA10 in gastric cancer.
RPPA is a quantitative assay that analyzes large samples for known proteins and their active forms. We evaluated the expression of 124 proteins to understand the physiology and pathogenesis of gastric cancer at the protein level. The limitations of this platform, measuring only small numbers of known antibodies, were taken into consideration when interpreting the data. As shown in Figure 5B , protein expression patterns are highly heterogeneous, even between gastric cancers, indicating that a few tumor targets will apply to almost all patients with gastric cancer and that most markers are likely to only apply to selected patients. In the present study, COX2 and cyclin B1 were significantly elevated in the C1 group compared with the C2 group. In combination with gene expression array data, the HOXA10 promoter has a nuclear factor-κB (NFκB) binding site, and NFκB controls COX2 expression, leading to inflammation and carcinogenesis. The elucidation of this relationship might explain the mechanism of HOXA10 over-expression in gastric cancer.
In conclusion, using an integrative analysis of tumor transcriptome and protein expression data by microarray techniques, we have elucidated the molecular biologic characteristics of a poor-prognosis gastric cancer subgroup. We postulate that the overexpression of miR-196b and HOXA10 are implicated in gastric cancer, particularly in tumors with poor-prognosis features. The personalized cancer therapy targets aberrations that drive tumor growth and survival. Administering the right drug for the right person consequently improves clinical outcomes and decreases toxicity. We anticipate that this approach will contribute to the characterization of cancer heterogeneity and the development of personalized therapy through the identification of cancer targets.
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COMMENTS
Background
Gastric cancer is clinically heterogenous, which suggest underlying molecular diversity. Advances in high-throughput technologies such as microarray for gene or protein expression profiles have reinforced the identification of molecular biologic characteristics of cancer. It is of great clinical value to perform integrative analysis of data from diverse high-throughput technologies simultaneously, to elucidate gastric cancer subtype harboring poor prognosis.
Research frontiers
MicroRNAs play a role in the pathogenesis of various human cancers by regulating the expression of target gene post transcriptionally. Microarray and bioinformatic technologies enable the investigation of the trans-correlation of hundreds of microRNAs and tens of thousands of genes.
Innovations and breakthroughs
MiR-196b was the most significantly up-regulated microRNA in gastric cancer and was significantly correlated with poor prognosis. The expression of miR196b appeared to be most positively associated with homeobox A10 (HOXA10) expression. The expression of miR-196b and HOXA10 seems to be regulated by identical biologic mechanism and characterize a poor-prognosis gastric cancer subtype. 
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